Abstract-Switching experiments with normally-off GaN-HFETs using a carbon-doped GaN buffer or an AlGaN buffer showed very different magnitudes of increased dynamic on-state resistance. The dynamic on-state resistance is analyzed for variations in buffer composition and set into relation to the buffer voltage-blocking strength. Also, the impact of p-GaN gate normally-off and Schottky-gate normally-on device technologies on the dispersion is studied. It is concluded that a buffer with less trap sites and lower breakdown strength is more favorable for high-voltage switching than a buffer with incorporated acceptors to increase the buffer breakdown strength.
INTRODUCTION
GaN-based transistors are considered as promising candidates for power switching due to their high V Br /R ON ratio. The increase of the GaN-transistor dynamic on-state resistance, R ON , immediately after off-state bias stress is often observed in AlGaN/GaN HFETs and may counteract GaN-HFET related fast-switching opportunity in spite of their generally very low R ON ×Q G product. Only few systematic studies on the dynamic R ON in AlGaN/GaN HFETs have been published so far and they focus on the impact of field plates to reduce electric fieldstrength peaks under off-state condition in the device [1] . Here, we compare different buffer concepts that have been chosen for improved high-voltage capability of the devices. Devices using an AlGaN buffer or carbon-doped GaN buffer (GaN:C) are used [2, 3] . All devices have an uid GaN channel, both buffer types thus create a back-barrier for channel electrons to reduce electron spill-over into the buffer under strong off-state bias. Most presented devices have no field plates. Electric field peaks in the gate-drain area are thus not reduced and any electric field assisted (de-)charging or (de-)trapping in different device technologies is not suppressed by these specific means [1, 4] . Therefore, in case of absent field plates, potetially trapping related device performance phenomena are not masked by field plate effects and can thus more easily worked out for the different buffer types. However it should be noted that for devices with optimum high-voltage switching performance, field plates are mandatory. 
II. DEVICE PROPERTIES

A. Device Fabrication
Normally-on GaN-HEMT devices with Schottky-type metal gate and normally-off GaN-HFET devices with p-GaN gate [2] were produced with different GaN buffer compositions. The devices have been processed on 3" n-type doped 4H-SiC wafers with a resistivity of ~40 mΩcm. The MOCVD-grown AlGaN/GaN heterostructures consist of an AlN wetting layer, a 2-3 µm thick GaN:C or Al 0.05 Ga 0.95 N buffer, a 40-100 nm thick uid GaN channel and an AlGaN barrier. For the Schottky-gate devices, 25 nm Al 0.25 Ga 0.75 N has been chosen as barrier and 15 nm Al 0.23 Ga 0.77 N for the p-GaN gate devices. For Schottky-gate devices the AlGaN barrier was passivated with 150-nm PECVD-deposited SiNx. A gate trench in passivation was defined by i-line optical lithography and subsequently opened by dry etching. Ir/Ti/Au contacts were then evaporated for the gate Schottky metal, followed by a metal lift-off process. For p-GaN gate devices, the AlGaN barrier was overgrown with 110 nm Mg doped p-GaN with an effective doping of 3e17 cm -3 . The p-GaN layer was selectively dry-etched except for the gate positions. RTP annealing of any etch damage has been done at 500 °C. Ohmic source and drain contacts consist of a Ti/Al/Mo/Au metallization, annealed at 830 °C. The devices were isolated by nitrogen implantation and then SiNx-passivated as for the Schottky-gate devices. The gate length is 0.7 µm for the Schottky gate and 1.3 µm for the p-GaN gate. Source-gate distance is always 1 µm and the gate-drain distance, l GD , was varied between 1 µm and 18 µm. Devices with 0.25 mm gate width were processed for breakdown-voltage tests and for pulsed on-state IV curves. Switching experiments were performed with 19 mm and 22 mm wide devices.
B. General Device Characteristics
Normally For the GaN:C buffer, a 0.8 Ω / 1000 V transistor with 22 mm gate width, l GD = 15 µm and 5 A maximum pulse current was used.
Along with the normally-off devices also normally-on HFETs with equivalent GaN:C and Al 0.05 Ga 0.95 N buffer structures have been fabricated. Additionally, normally-on HFETs with a 4e18 cm -3 GaN:C buffer and with an externally grown Al 0.08 Ga 0.92 N buffer on a Si-substrate were used. For the normally-on devices, off-state condition was at V GS = -3 V and on-state condition at V GS = +2 V. The threshold voltage for these devices is between -2.0 V and -1.5 V.
III. SWITCHING EXPERIMENTS
V GS , V DS and I D switching transients have been taken with a special set-up. A voltage source charges up a 2.2 µF capacitor to a given voltage. Then this capacitor is switched to the DUT. When switched from off-to on-state, the current through the DUT is limited to 1 A by a low inductance series resistor. Source current is measured via a 10 Ω shunt resistor. Fig. 6 shows for both buffer types the increase in dynamic R ON as a function of off-state bias stress, V DSbias . At V DSbias = 65 V , the dynamic R ON is increased by ×2.8 for the AlGaN buffer and by ×6 for the 2e19 cm -3 GaN:C buffer, thus supporting the results from the switching experiments.
B. Normally-on Transistors
To further analyze the impact of buffer composition to the dynamic R ON , normally-on HFETs with additional variations in buffer composition have been analyzed. The increase in dynamic R ON for V DSbias = 65 V is summarized for all normally-on devices for the 4 buffer types and set into relation to the achieved scaling of V Br with l GD in Fig. 7 . Independent on the chosen buffer composition a general trend of increasing dynamic R ON with increasing breakdown strength is visible.
Comparing the normally-of p-GaN gate technology with the normally-on devices in Fig. 6 , a slightly higher dynamic R ON is visible for the p-GaN gate devices on AlGaN buffer. However, dynamic R ON for p-GaN gates on the GaN:C buffer is less than with Schottky gates.
C. Effect of Field Plates
All devices presented up to now had no field plates and any electric field assisted charging or trapping effects in the buffer are not mitigated by reduced fields. In an additional experiment, normally-off GaN:C-buffer devices (2e19 cm -3 doping concentration) with a gate-connected field plate have been compared to identical devices without field plate. The field plates are positioned between 1.5 µm and 2.5 µm from the drain-side gate edge and are placed on top of the 150 nm thick SiNx passivation. Fig. 8 shows the field plate impact on the onstate dispersion. No difference in the pulsed IV curve between the field-plated and non-field-plated device is visible for V DSbias = 30 V, but dispersion is reduced for the field-plated device for V DSbias = 50 V and 65 V. At V DSbias = 50 V the increase in dynamic R ON is reduced by a factor 1.4, and at V DSbias = 65 V by a factor 2.6. Source-connected field plates are often believed to give an even more pronounced reduction in dynamic R ON [1] but they would require some more device processing effort including a second passivation layer and they are thus omitted in this study. Dispersion phenomena in GaN-HFETs are often related to localized polarization-induced image charges outside the 2-dimensional electron gas (2DEG). Many of these charges are present on the AlGaN barrier surface and inside the passivation layer which is often realized using SiNx. Defect-or impurityrelated trapping sites in the buffer have also been considered [4] . Charges at the barrier surface and in the buffer may deplete the 2DEG, thus reducing the drain current and increasing R ON . All presented devices of this study were passivated with 150 nm SiNx using identical process steps. The two different gate modules using either a Schottky-type metal gate or a ptype GaN gate only showed minor impact on dynamic R ON (Fig. 6) . The observed differences in increased dynamic R ON can thus be related to the different buffer compositions used in this study.
In carbon-doped GaN buffer devices, breakdown strength increases with carbon concentration from 93 V/µm for 4e18 cm -3 to 118 V/µm for 2e19 cm -3 . In parallel, increase in dynamic R ON rises from ~×3.5 to ~×8 (Fig. 7) . In off-state, buffer traps associated with the C-doping may capture drifting electrons and thus efficiently prevent device punch-through. The charging of these traps may increase with field strength. At on-state conditions the de-charging time constant of the buffer traps may be longer than the device switching time and the captured electrons in the buffer deplete the 2DEG.
The used AlGaN-buffers are free from intentional doping and their potential for high voltage blocking HFETs is based on the back-barrier effect only. Electron-trapping sites are thus limited to unintentional impurities with concentrations < 1e16 cm -3 and material defects. XRD measurements of the epitaxial structure revealed that the AlGaN-on-Si epitaxy has a screw dislocation density of ~ 1e9 cm -2 and an edge dislocation density of ~1e10 cm -2 which is about 10× higher than for the grown AlGaN-on-SiC. The AlGaN buffer on Si-substrate showed both, a higher voltage blocking and a higher dynamic R ON as compared to the AlGaN buffer on SiC-substrate (Fig. 7) which might be related to the observed difference in defect concentrations.
When optimizing the V Br /R ON ratio for power switching applications, the dynamic R ON has to be taken into account. This study showed that the dynamic R ON may increase superlinearly with the off-state bias. For a fixed off-state bias, the increase of dynamic R ON eventually rises with shrinking l GD . The resulting absolute minimum of dynamic R ON (l GD ) as optimum operation point is thus accompanied by a de-rating of the device voltage blocking strength. Buffer technologies with high V Br but trading off dynamic R ON at the same time lose their advantage. In conclusion, the AlGaN buffer on SiC substrate with only 43-47 V/µm V Br is the superior choice for high voltage switching transistors among the buffer technologies in contest. 
